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. Objective: The present study was designed to identify the predictors of cross-sectional area narrowing by neointima %CSAN-N after Ž . balloon angioplasty BA in the cholesterol fed rabbit model. Methods: Angiographic, histomorphometric, and immunohistochemical data were analyzed from 91 femoral arteries of New Zealand white rabbits. Focal atherosclerosis was induced by air desiccation of the Ž . Ž endothelium followed by a 2% cholesterol diet for 28 days. The rabbits received heparin 150 Urkg at the time of BA 2.5 mm; three, . Ž . Ž . Ž . Ž . 60-second, 10-atm inflations . Arteries were perfusion-fixed and excised 7 n s 16 , 14 n s 11 , 21 n s 9 , or 28 n s 20 days after Ž w x w x . BA. Non-angioplastied arteries were de-endothelialized cholesterol-fed n s 12 or normal diet n s 8 , non-injured but cholesterol-fed Ž . Ž . n s 7 , or normal n s 8 . Results: Univariate regression across all groups showed that the absolute area of the lumen by Ž . Ž . Ž . histomorphometry LA correlated significantly with the area bounded by the external elastic lamina EEL vessel size , but no Ž . correlation was found with the absolute area of neointima or media, the percentage disruption of the internal elastic lamina IEL , or the percentage of neointima and media occupied by foam cells. However, %CSAN-N correlated significantly with the area bounded by the Ž . EEL, significantly with the absolute neointimal area, and negatively with the absolute LA p -0.0001 . Significant correlations were also found between %CSAN-N and the % IEL disrupted, the area of neointima and media occupied by RAM-11q foam cells, and the loss of Ž . a-actin positivity in the media p -0.0001 . Conclusions: These studies show that neointimal formation contributes significantly to luminal narrowing 1 month after angioplasty in this model, that the degree of vascular injury and the extent of foam cell accumulation in the neointima and media are significant independent predictors of neointimal formation, and that the area of the neointima, and the Ž . percent narrowing by neointima, are important predictors of remodeling itself EEL area . These predictors were not identifiable when the analysis was focused on the determinants of absolute luminal area alone. q 1997 Elsevier Science B.V.
Introduction
Discrepancies between success in experimental animals with a variety of pharmacologic strategies and failure with ) Ž . Ž . Corresponding author. Tel. q972-2 675-8446, -8422; Fax q972-2 675-7451, E-mail: gertz@yam-suff.cc.huji.ac.il such agents in several clinical trials have raised questions w x concerning the mechanism of restenosis in humans 1,2 . It has been suggested that the predominant mechanism responsible for the late reduction in luminal area after conTime for primary review 27 days.
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( )ventional balloon angioplasty in humans is remodeling of the arterial wall to produce a smaller overall vessel size w x 3,4 rather than neointimal growth associated with smooth w x muscle cell proliferation 5 . Some reports in experimental animals and humans have concluded that the degree of arterial enlargement is more important than neointimal w x area in determining late lumen size 6 , and that factors related to arterial remodeling rather than neointimal growth w x may dominate the response to angioplasty 4,7 . Other reports have shown that restenosis after angioplasty results w from both intimal hyperplasia and arterial remodeling 8-x 10 , and that it is the balance between the two, which results in either constriction or ''compensatory'' enlargement, that determines the final luminal size after angiow x plasty 11,12 . Studies from our group using the double injury cholesterol-fed rabbit model have suggested that although remodeling to a larger or smaller arterial size after angioplasty does occur, it does not appear to account for the increase in cross-sectional area narrowing by neointima, or the reduction in absolute luminal area, in most of w x the individual arteries in this model 13-15 . Effective antithromboticrantiplatelet therapy has profoundly decreased the frequency of thrombosis, and properly deployed stents have nearly eliminated the occurrence w x of recoil 16 . The overall rates of restenosis following stent deployment have improved to below 20-30% of w x those treated 17-21 , but late luminal loss has still been shown to be due predominantly to intimal hyperplasia w x 22,23 . This underscored the need for continued effort to identify factors responsible for this proliferativersynthetic process. The current study was therefore designed to identify by correlative angiographic, histomorphometric, and immunohistochemical analyses, the predictive correlates of cross-sectional area narrowing by neointima after balloon Ž . angioplasty BA in the cholesterol fed rabbit model.
Methods
Study design
Forty seven New Zealand White rabbits were anes-Ž . thetized by intramuscular injection of ketamine 50 mgrkg Ž . and xylazine 5 mgrkg . Rabbits were assigned at random Ž to one of four angioplasty groups and five baseline non-. Ž . angioplasty groups Fig. 1 . Of the 94 femoral arteries, 3 Ž . were not useable due to surgical 2 arteries or preparative Ž . 1 artery accidents leaving 91 arteries for these studies. Atherosclerosis was induced in a 1 to 2 cm segment of the femoral arteries assigned to be angioplastied by a combination of nitrogen air desiccation of the endothelium and a w x 2% cholesterol, 6% peanut oil diet for 1 month 24-26 . Animals undergoing angioplasty received single bolus hep-Ž arin 150 Urkg heparin sodium injection, porcine intestinal mucosa, 1000 USP Urml; Solopak Laboratories, . Franklin Park, IL . The angioplastied femoral arteries were 
Ž
. perfusion fixed and excised 7 days n s 16 , 14 days Ž . Ž . Ž . n s 11 , 21 days n s 9 or 28 days n s 20 after the procedure. Baseline groups did not undergo angioplasty but received bolus heparin at the time of endothelial injury. The non-angioplastied groups were focally de-endothelialized, fed cholesterol for 28 days, and sacrificed at the end Ž . Ž of the feeding period n s 7 or 28 days later total of 56 . Ž . days from time of endothelial injury n s 5 ; fed cholesterol but not de-endothelialized and sacrificed at the end of Ž . the 28-day feeding period n s 7 ; de-endothelialized but Ž . not fed cholesterol and sacrificed after 28 days n s 8 ; or normal animals which were not injured or fed and were Ž . sacrificed on arrival n s 8 .
Balloon angioplasty
Twenty eight days after endothelial injury and cholesterol feeding, a 5 F Berman angiographic balloon catheter Ž . Arrow International, Inc., Reading, PA was inserted into the right common carotid artery and advanced to two vertebral segments proximal to the aortoiliac bifurcation. After administration of heparin, baseline angiograms of the femoral arteries were obtained as reported previously w x 25,27 . Balloon angioplasty was performed under fluoroscopic guidance 28 days after endothelial injury and cholesterol feeding using a 2.5 mm balloon dilation catheter Ž . Advanced Cardiovascular systems, Inc. . Three, 60-second, 10-atm inflations were performed at 60-second interw x vals using a hand inflator as described previously 24, 25 . The in vivo balloon dimension was recorded. The mean ratio of balloon diameter to the average of normal arterial diameters proximal and distal to the stenosis was 1.3 " 0.2. This slight ''oversizing'' provided for the deep arterial w x injury as reported in detail previously 24,26 . After the post-procedural angiogram, the catheter system was removed, the carotid arteries ligated, and the wound sutured. Final angiograms were performed immediately prior to sacrifice by way of the contralateral carotid artery.
Analysis of angiograms
Quantitative angiographic measurements were performed by blinded analysis using a computer-assisted sysw x tem described previously 26,27 . Minimum luminal diam-Ž . eters MLD were measured at the site of stenosis and at segments proximal and distal to the stenosis. The site measured for restenosis was that which showed the maximal diameter reduction on the pre-angioplasty angiogram even if this was not the most severely narrowed point on subsequent angiograms. Angiographic data on luminal di-Ž . ameter reduction LDR were computed relative to proxiw mal and distal reference points. Percent LDR s MLD at sacrifice =100% average of proximal and distal reference x points y100.
Preparation of specimens for histomorphometry
Following the final angiogram, and with the angiographic catheter positioned above the aortoiliac bifurcation, the animals were administered an overdose of Nem-Ž . butal sodium pentobarbital . The distal arterial tree was then pressure perfused with 4% buffered formaldehyde Ž . 100 ml, 100 mmHg, room temperature, for 15 minutes .
Ž . Segments of the femoral arteries 4 to 5 cm in length were excised bilaterally, postfixed in 4% formaldehyde, cut in cross section at 1 to 2 mm intervals, dehydrated in increasing concentrations of ethanol and xylene, and embedded in paraffin.
Ž . 
QuantitatiÕe histopathology
Histopathological analysis was performed by observers blinded to treatment group. The section with the greatest luminal narrowing by neointima was identified from each femoral arterial segment. For each section, the absolute histomorphometric measurements included: luminal area Ž . LA , neointimal area, medial area, area bounded by the Ž . internal elastic lamina IEL , area bounded by the external Ž . Ž . elastic lamina EEL overall vessel size , and components of the neointima and media. Derived calculations and observations included the following:
Percent Cross-Sectional-Area-Narrowing by Neointima Ž
. w x %CSAN-N s area bounded by the IEL y luminal area = 100 % area bounded by the IEL Percent Cross-Sectional-Area-Narrowing by Neointima Ž . w Plus Media %CSAN-Nq M s area bounded by the EEL x y luminal area = 100 % area bounded by the EEL Ž . Intima to Media Area Ratio IrM ratio s absolute area of the neointima% absolute area of the media.
Percentage of total vessel area occupied by media s absolute medial area = 100 % area bounded by EEL.
Arterial injury
Sections were characterized with respect to histologic Ž evidence of plaque tear up to the IEL, into the media, into . the adventitia, or complete perforation and presence of luminal thrombus. The extent of disruption of the IEL was determined by linear measurement of the defect and calculation of its percentage of the total length of the IEL.
Components of neointima and media
The overall percentage of neointima occupied by foam cells was calculated by computerized planimetry of RAM-11-stained sections.
The distribution of RAM-11 positive foam cells within the intima was assessed by dividing the intima into inner Ž . Ž luminal , middle, and outer thirds intima-A, B, or C; see . Table 3 and estimating what percentage of all intimal Ž foam cells is found in each of the three areas 0-25%, . 26-50%, 51-75%, or 76-100% . An intimal foam cell score of 1, 2, 3, or 4 was assigned respectively for semiquantitative evaluation.
The extent of foam cell ''accumulation'' in the media was assessed by subdividing the media into four equal quadrants and estimating whether RAM-11 positive foam cells occupied 0-25%, 26-50%, 51-75%, or 76-100% of the media. A score of 1, 2, 3, or 4 was assigned respectively for this semiquantitative analysis. This method of assessment of medial foam cells was chosen rather than direct planimetric tracing, since the medial foam cells were ( )not distributed in discrete groups like those found in the w x intima 26 .
The distribution of a-actin positive smooth muscle cells in the neointima and media were assessed qualitatively and semi-quantitatively in the same manner as the RAM-11 positive foam cells.
Histomorphometric measurements were performed us-Ž ing a CUE-2 Image Analyzer Galai Production, Ltd., . Tel-Aviv, Israel in association with an Olympus BH-2 w x microprojection system as described previously 27 .
Statistical analysis
Data are reported as the number of femoral arteries in each treatment group and expressed as mean " standard deviation. Absolute areas are presented as mm 2 =10 y4 . The effect of survival time on individual angiographic and histopathologic parameters was assessed by one-way ANOVA followed by the Fisher Protected Least Significant Difference test for multiple comparisons as the post hoc test with 95% and 99% multicomparison significance levels. Distribution of RAM-11 positive foam cells and Ž a-actin positive smooth muscle cells by intimal zone A, B . or C over the 4 survival times was assessed by two-factor, repeated measurements ANOVA. Comparison of categorical data was made by coded x 2 contingency analysis. Positive and negative correlates of cross-sectional area narrowing by neointima and other histomorphometric parameters were determined from univariate regression analyses. Probabilities were calculated from ANOVA. Since it cannot be determined, a priori, that the various histomorphometric variables are related or unrelated, multiple regression analysis was not used. 
Results
The principal component of the neointima in all angioplastied and de-endothelialized, non-angioplastied arteries Ž is fibromuscular tissue smooth muscle cells with abundant . extracellular matrix which occupies approximately 90% Ž . of the neointimal area Fig. 2 . Non-injured arteries had no neointima despite cholesterol feeding.
Arterial injury
Histologic evidence of plaque tear was found in 49 Ž . Ž . 88% of the 56 angioplastied arteries. Of these, 47 96% had histologic evidence of damage reaching the media, Ž with disruption the IEL, and 17 of these 30% of all . arteries had evidence of damage reaching the adventitia, with disruption of the EEL. Disruption of the IEL was found in angioplastied as well as non-angioplastied arteries of animals which were de-endothelialized and fed choles-Ž . terol for 28 days and sacrificed 28 days later Fig. 3 . However, the percent of the IEL missing was significantly Tables 1 and 2 . Of the 56 angioplas-Ž . tied arteries, only 4 7% had luminal thrombi, and all were found in arteries excised 7 days after angioplasty.
Absolute luminal area Õs. cross-sectional area narrowing by neointima
By angiography, the absolute mean minimum luminal diameter at the site of angioplasty at the time of sacrifice did not change significantly from 7 to 28 days after the Ž procedure p s 0.38 by 1-way ANOVA over the 4 time . Ž . periods Table 1 . However, the mean percent luminal diameter reduction at the time of sacrifice among angioplastied animals increased significantly over time after the Ž . Ž . procedure p s 0.01 Table 1 . Likewise, by histomorphometry, the mean absolute area of the lumen at the site Ž . of angioplasty LA did not change significantly from 7 to Ž . 28 days after angioplasty p s 0.40 . However, significant increases were found over time in the percent by which the cross-sectional area of the lumen is narrowed by neointima Ž .Ž . %CSAN-N p s 0.009 , the intima to media area ratio Ž . Ž . IrM ratio p s 0.0002 , and the number of arteries narrowed greater than 50% in cross-sectional area by Ž . Ž 2 neointima n ) 50% CSAN-N p s 0.01 by total x over . Ž . all groups Table 1 . ns number of arteries; MLDs minimum luminal diameter at sacrifice by angiography; %LDR s mean percent luminal diameter reduction at site of lesion at time of sacrifice compared to average of proximal and distal reference points prior to sacrifice; %CSAN-Ns mean percent cross-sectional area narrowing by neointima, NqMs neointima plus media; IrM ratios intima to medial area ratio; %M of EEL s mean percent which the media occupies of the total area bounded by external elastic lamina; EEL area s total area bounded by the external elastic lamina; IEL s internal elastic lamina; %IFC-Ns percent of neointima occupied by RAM- 11 Table 2 . The %CSAN-N of non-angioplastied, de-endothelialized arteries from animals fed cholesterol for 28 days was similar to that of nonangioplastied, de-endothelialized arteries from animals not fed cholesterol, but significantly greater than those which were fed cholesterol for 28 days without initial endothelial Ž . injury Table 2 . This is in agreement with the concept that Ž . cholesterol feeding alone without endothelial injury is insufficient to produce atherosclerotic lesions with luminal narrowing significantly different from normal arteries in this model.
Medial area
Among angioplastied arteries, the medial area appears to decrease over time resulting in its being a larger percentage of the total area bounded by the EEL at 7 days Ž . than at 28 days Table 1 Other abbreviations as in Table 1 . 
Distribution of foam cells in the intima
The mean percents of neointimal area occupied by foam cells in the various groups are detailed in Tables 1 and 2 . . 6 . Among angioplastied arteries, no significant differences were found in the absolute area or in the percentages of the total neointimal area occupied by RAM-11 positive Ž . foam cells %RAM-11q FC-N over the four survival Ž . periods Table 1 . The %RAM-11q FC-N of non-angioplastied arteries which had endothelial injury plus cholesterol feeding for 28 days, but were excised 28 days later, was also not different from similar non-angioplastied, deendothelialized arteries excised immediately after choles-Ž . terol feeding Table 2 . No foam cells were found in the intima of normal arteries, very few foam cells were found in rabbits which had endothelial injury but were not fed cholesterol, and foam cells were not found in the intima of animals fed cholesterol without endothelial injury.
RAM-11q Foam cell score
Univariate regression analysis across all treatment groups showed no correlation between the percent of total neointima area occupied by The percent of media occupied by RAM-11q foam cells in angioplastied arteries increased significantly from Ž . 7 to 21 days after the procedure Table 1 . No foam cells were found in the media of non-angioplastied, non de-endothelialized arteries despite cholesterol feeding, or in those which has endothelial injury without cholesterol Ž . feeding Table 2 .
Foam cells in the media
Regression analysis showed that the RAM-11q medial foam cell score correlated poorly with the absolute LA Ž
Smooth muscle cells
The overall distribution of a-actin-positive smooth muscle cells in the neointima of angioplastied arteries appeared more homogeneous than that of the foam cells; but, as expected, a slight ''preference'' was noticed for Ž . luminal rather than abluminal areas Fig. 6 . The a-actinpositivity score of angioplastied arteries appeared to decrease over the four time periods with a significant differ-Ž .Ž ence between 7 and 28 days Table 1 p s 0.04 over all . groups by 1-way ANOVA . Among animals which had endothelial injury, cholesterol feeding for 28 days and were sacrificed 28 days later, the medial a-actin positivity score of those undergoing balloon angioplasty was signifi-Ž cantly lower than those without angioplasty 1.6 " .9 vs. . 2.8 " 1.6, p -0.05 by 1-way ANOVA with Fisher PLSD Ž . Tables 1 and 2 .
No significant correlation was found between the a-actin Ž positivity score of the media and absolute LA r s 0.06, . df s 88, p s 0.57 , but a significant negative correlation Ž was found with %CSAN-N r s 0.65, df s 88, p s . 0.0001 . Significant negative correlations were also found Ž with the percent IEL missing r s 0.5, df s 88, p s . Ž 0.0001 , absolute area of neointima r s 0.62, df s 88, . Ž p s 0.0001 , the RAM-11q medial foam cell score r s . Ž 0.6, df s 90, p s 0.0001 , and the overall vessel size EEL . Ž . area r s 0.6, df s 88, p s 0.0001 .
Discussion
We have shown that the absolute area of the lumen correlated significantly with the overall vessel size. However, no significant correlation was found between absolute luminal area and absolute neointimal area. On the other hand, the percent cross-sectional area narrowing by neointima correlated positively with the vessel wall size, and the absolute area of the neointima, but correlated negatively with the absolute LA. Moreover, LA, absolute neointimal area, IEL disruption, area of the neointima occupied by RAM-11q foam cells, area of the media occupied by foam cells, and the loss of a-actin positivity of the media appeared to be strong, independent predictors Ž . of %CSAN-N p -0.0001 . These predictors were not identifiable when the analysis was focused on the determinants of absolute luminal area alone.
In an earlier study from our group using the double injury cholesterol-fed rabbit femoral artery model with different interventional strategies including balloon only, laser plus balloon, no balloon and balloon with administraw x tion of the factor Xa inhibitor antistasin 13 , we showed that although remodeling to a larger or smaller arterial size after angioplasty does occur, it does not appear to account for the reduction in absolute luminal area at the site of the procedure in most cases when the arteries are analyzed individually. We found that remodeling to a smaller over-Ž . all vessel size was present in only 8 16% of 51 individual arteries at the site of restenosis when each is compared to its respective adjacent reference segment. The overall arte-Ž . rial size was larger in 12 24% of 51 cases and not significantly different from its adjacent segment in 31 Ž . 61% of 51 cases. On the other hand the %CSAN-N 28 days after angioplasty was significantly greater than the neointimal narrowing of adjacent nonangioplastied segments of the same arteries, greater than de-endothelialized, nonangioplastied control arteries of cholesterol fed ani-Ž mals, and greater than angioplastied segments de-endo-. thelialized plus cholesterol feeding of animals treated with the factor Xa inhibitor antistasin. From that study we learned that although remodeling of the arterial wall to a smaller or larger vessel size can occur, it does not appear to account for the increase in cross-sectional area narrowing by neointima, or the reduction in absolute luminal area, in the great majority of vessels after one month in this model when rigorous intra-arterial and inter-group controls are used.
In a recent study of the response of 17 normal porcine coronary arteries to severe balloon inflation and withw x drawal, Andersen et al. 4 also reported that although absolute lumen size correlated significantly with overall vessel size, it did not correlate with absolute neointimal area. They and others performing similar analyses concluded therefore that neointimal formation did not explain luminal narrowing after deep vessel wall injury and em-Ž phasized the importance of remodeling change in overall . EEL area . However, it is precisely the variations in overall vessel size which appear to have contributed to this poor correlation in these and in the current study. The current study focused on the percent which the neointima ( )Ž . occupies of the total area bounded by the IEL %CSAN-N which essentially normalizes the effect of overall arterial wall size. In so doing, we found that the %CSAN-N increased with vessel size and with absolute neointimal area, but correlated negatively with absolute LA, demonstrating that neointimal formation, in fact, contributes substantially to luminal narrowing in this rabbit model. Furthermore, although remodeling to a larger vessel size has been shown to occur in the current study and previous studies from our group, we find that the absolute Ž . Ž LA r s 0.87, df s 90, p -0.0001 and %CSAN-N r s . 0.51, df s 90, p -0.0001 are actually important predic-Ž . tors of the remodeling itself overall EEL area in this model reemphasizing the importance of identifying factors responsible for neointimal growth after angioplasty.
In the current study, we found that the extent of luminal narrowing by neointima correlated significantly with the percentage of the IEL which was disrupted, emphasizing that the more severe the injury to the wall, the greater the neointimal growth. Among animals which had endothelial injury and cholesterol feeding, the percent IEL missing was significantly greater in angioplastied than non-angioplastied arteries. Thus, although disruption of the IEL occurs during atherogenesis in this model, possibly in part from mechanical damage at the time of the initial endothelial cell injury, considerable additional damage is done to the IEL as a result of the balloon angioplasty procedure.
A significant positive correlation was also found between the %CSAN-N and the area of neointima and media occupied by RAM-11q foam cells. The distribution of the foam cells in this model was such that a significantly greater concentration of cells was found in the outer Ž . abluminal portion of the neointima, closer to the IEL. We have seen here, and in previous studies using this double injury model, that the foam cells of the intima are contiguous with foam cells of the media and adventitia, and can often be found in association with neovascular channels w x passing between the adventitia and media 26 . This distribution is in agreement with that reported recently by others w x 10 , and it raises some questions concerning the conventional thinking of an exclusive luminal origin of these cells w x 29 . It appears from our studies and those of Wilensky w x 10 that the additional injury applied by angioplasty facilitates additional migration of foam cells into the media, possibly from the intima and adventitia. This may add to the proliferativersynthetic process by release of a variety of vasoactive cytokines from these cells which may promote migration andror proliferation of arterial smooth w x muscle cells 30 . These monocyte-macrophage type foam cells have also been shown to be capable of releasing a variety of proteolytic enzymes and metaloproteinases which may also facilitate neointimal growth by degradation of extracellular matrix proteins permitting subsequent restrucw x turing of this matrix or ''remodeling'' 31-33 .
We found that the %CSAN-N correlated strongly with the reduction in a-actin positivity of the media. This loss of a-actin positivity may be a reflection of increased w x necrosis or apoptosis 34 of the medial smooth muscle cells after the procedure with subsequent ''accumulation'' of RAM-11-positive foam cells, the great majority of which are a-actin negative, or due, at least in part, to the presence of other cell types which do not elaborate conw x tractile proteins 35 . The absence of a-actin positivity has also been seen by us and others in cells which appeared to be smooth muscle cells with apparently normal nuclear and cytoplasmic morphology. This may be due to an actual reduction in a-actin antigenicity of the smooth muscle cells themselves which has been suggested to occur during accelerated elaboration by these cells of matrix proteins, chemoattractants, and expression of adhesion molecules w x 33,36 . This would also be in accordance with the concept that smooth muscle cells express alternate isoforms of Ž . Ž actin during contractile a-isoform and synthetic b and . w x g-isoforms phases 37 .
In conclusion, these studies show that neointimal formation contributes significantly to luminal narrowing one month after angioplasty in this model, that the degree of vascular injury and the extent of foam cell accumulation in the neointima and media are significant independent predictors of neointimal formation, and that the area of the neointima, and the percent narrowing by neointima, are Ž . important predictors of remodeling itself EEL area . These predictors were not identifiable when the analysis was focused on the determinants of absolute luminal area alone. We cannot, and it was not our intention to, exclude the view that changes in vessel size might contribute to changes in luminal area after more prolonged survival times following angioplasty. Nonetheless, these studies emphasize that the approach ''remodeling or neointimal formation'' has a major danger of neglecting relevant and potentially treatable cellular processes which may be common to both mechanisms. We must be careful to prevent letting the pendulum swing away from efforts to prevent intimal hyperplasia. This is particularly true in this era of extensive use of intravascular stents, where geometric remodeling to a smaller arterial size is virtually eliminated, and where restenosis in properly deployed stents has been shown to be due predominantly to the formation of neointima. 
